This review discusses the application of computational models to simulate the transport and deposition of inhaled pharmaceutical aerosols from the site of particle or droplet formation to deposition within the respiratory tract. Traditional one-dimensional (1-D) whole-lung models are discussed briefly followed by a more in-depth review of three-dimensional (3-D) computational fluid dynamics (CFD) simulations. The review of CFD models is organized into sections covering transport and deposition within the inhaler device, the extrathoracic (oral and nasal) region, conducting airways, and alveolar space. For each section, a general review of significant contributions and advancements in the area of simulating pharmaceutical aerosols is provided followed by a more in-depth application or case study that highlights the challenges, utility, and benefits of in silico models. Specific applications presented include the optimization of an existing spray inhaler, development of charge-targeted delivery, specification of conditions for optimal nasal delivery, analysis of a new condensational delivery approach, and an evaluation of targeted delivery using magnetic aerosols. The review concludes with recommendations on the need for more refined model validations, use of a concurrent experimental and CFD approach for developing aerosol delivery systems, and development of a stochastic individual path (SIP) model of aerosol transport and deposition throughout the respiratory tract.
Introduction
Modeling respiratory aerosol delivery requires an analysis of transport and deposition in the respiratory tract as well as an understanding of dynamics within the aerosol generation device, which often influence the flow field and deposition characteristics in the upper airways. Numerical models of particle deposition in the lungs were initially developed in the context of assessing the dosimetry of inhaled environmental and occupational pollutants, such as coal dust, cigarette smoke, and radionuclides. Decades of research on respiratory aerosol dosimetry were compiled in the ICRP [1, 2] and NCRP [3] documents and corresponding models. Over time, these whole-lung dosimetry models, which were developed for ambient monodisperse particles, were expanded and applied to better understand the deposition of pharmaceutical aerosols in the airways [4] . In silico model results generally agreed well with in vivo studies for upper (fast clearance) and lower (slow clearance) deposition fractions considering stable monodisperse particles. However, these early whole-lung deposition models did not account for factors specific to respiratory drug delivery, such as inhaler spray momentum, droplet size change with dissolved solutes, and did not predict localized aerosol deposition. The advancement of computational fluid dynamics (CFD) technology has led to an alternative approach for dosimetry modeling in which aerosol transport and deposition is calculated from first principles in realistic threedimensional (3-D) models of the inhaler and respiratory tract. CFD simulations can directly capture factors such as inhaler spray momentum [5] , spray burst effect [6] , turbulent inhaler jets [7] , and droplet evaporation or hygroscopic growth [8, 9] . Recent comparisons of CFD model predictions to in vivo [10] and in vitro [11, 12] data show good agreement. As a result, applications of CFD models are progressing beyond providing an understanding of aerosol deposition mechanics and toward serving as an effective design and optimization tool for improving respiratory drug delivery. In this introductory section, types of numerical models are reviewed, advantages of CFD simulations are presented, and challenges related to the numerical modeling of respiratory aerosols are highlighted. This review then focuses on studies that contributed to the development of respiratory delivery models along with studies that applied these models to improve existing devices, target aerosol delivery to the lungs, and propose new aerosol delivery approaches.
Types of respiratory delivery models
Current whole-lung models of aerosol dosimetry in the respiratory tract typically account for deposition within individual sections of the airways using physical or empirical correlations. The individual sections considered may range in scale from general regions of the lungs, like the tracheobronchial airways, down to individual airway branches. However, only penetration depth into the lungs is considered in the most detailed of these simulations, such that they are often referred to as one-dimensional (1-D) models. Correlations for deposition may be dependent upon individual transport mechanisms (such as diffusion, sedimentation, and impaction) as reviewed by multiple previous studies [13, 14] , or may be empirically based [15, 16] . While these models are generally developed for monodisperse ambient aerosols, studies have advanced their utility to evaluate the effects of size change [17, 18] , aerosol charge [19] and aerosol polydispersity [20] . Recently, in vitro experiments and CFD simulations were used to develop an empirical correlation for dry powder inhaler (DPI) deposition in the mouth-throat region as a function of jet and airway characteristics [7] . A similar correlation is not available for spray aerosols produced by metered dose inhalers (MDIs) and soft mist inhalers. Recent advances in whole-lung respiratory dosimetry models and the underlying correlations were reviewed by Finlay and Martin [16] . The related online Respiratory Deposition Calculator of the Aerosol Research Laboratory of Alberta provides a convenient method to determine the whole-lung deposition of pharmaceutical aerosols. The multiple path particle deposition model (MPPD) provided by the Hamner Institutes for Health Sciences and described by Asgharian et al. [21] is also a useful whole-lung modeling tool that can provide estimates of delivery to individual airway branches.
Strengths of 1-D whole-lung models are ease of use and the fact that deposition can be estimated throughout the respiratory tract. One disadvantage of these methods is that the available correlations may not cover all mechanisms related to pharmaceutical aerosol delivery from multiple platforms. A second disadvantage of these models is that the site of deposition is not well described; that is, deposition is predicted in general regions such as the mouth-throat or tracheobronchial airways. In general, 1-D models neglect the geometric complexity of the airways along with the associated complex flow physics, such that these models cannot directly capture a number of phenomena known to influence particle deposition.
In contrast with 1-D models, modern CFD simulations calculate flow and aerosol physics based on first principles in 3-D sections of the inhaler and respiratory tract. The flow field is determined using a solution of the Navier Stokes equations which may include approximations for turbulence, compressible flow, and heat/mass transfer [22, 23] . The discrete particle or droplet phase is typically solved using Newton's second law accounting for all relevant forces acting on the discrete elements, such as drag, gravity, and Brownian motion, as well as heat and mass transfer with the continuous phase [9, 24, 25] . Recent studies have also developed very efficient models of particle motion using a continuous phase approach [26] [27] [28] . Simulations are conducted in idealized [29] , patient specific [30] , or characteristic models of the respiratory tract [31] , as described later in this review.
A primary strength of CFD simulations is the use of general governing transport equations, such that the model can be applied to a wide range of airway geometries, aerosol conditions, and delivery devices without the need to develop empirical or semi-empirical deposition correlations. The CFD model provides a detailed description of the flow field at millions of representative points (control volume centers and nodes) and can predict deposition at very localized (sub-millimeter) levels [32] [33] [34] . Weaknesses of CFD simulations are the complexity of the computational model and the required computational time. More efficient CFD simulations of aerosol transport and deposition are an area of active research [25, 26] . Due to computational constraints, CFD simulations are currently limited to segments of the respiratory tract. However, the size of these regions that can be considered is increasing as computer resources continue to expand [35] [36] [37] .
Model selection
Considering the simulation of respiratory aerosol delivery, the type of model needed (1-D vs. 3-D CFD) depends on the analysis that is being performed. For cases in which adequate correlations exist and deposition is only required to be known in general regions, e.g., the mouth-throat and lungs, then 1-D models or correlations are often sufficient. Furthermore, CFD models are currently being used to expand the capabilities of 1-D whole-lung simulations. For example, Xi and Longest [31] developed a correlation for nanoparticle deposition in the nasal airways that can be integrated into a more complete 1-D model prediction of total respiratory tract dose. In contrast with 1-D models, CFD simulations are required when insufficient correlations are available and when information regarding local dose is required. Knowledge of local dose is often important in order to predict particle dissolution, transport through the mucus, and uptake at the cellular level [32, [38] [39] [40] . Moreover, the details provided by CFD simulations are often useful for not only understanding the performance of respiratory delivery systems, but also for optimizing system performance [41, 42] and designing new delivery devices and protocols [10, 43] . As a result, CFD simulations may often be the preferred numerical method for advancing the design of respiratory aerosol delivery systems and will be the focus of this review. However, 1-D models will also be considered to highlight the utility of this numerically efficient approach.
Challenges in simulating respiratory aerosols
The simulation of even monodisperse ambient aerosols in the respiratory tract presents a number of challenges. Inhaled ambient aerosols can be defined as particles or droplets that do not contain a drug and have no initial spray or jet momentum associated with an inhaler device or aerosol formation. Effective simulations must address complexities associated with the respiratory tract geometry, flow field, and aerosol physics. The respiratory tract is a dynamic structure spanning length scales from approximately 4 cm at the widest point of the oral cavity to approximately 300 μm in the alveolar region [44] . Transitional and turbulent flows often occur in the mouth-throat and upper conducting airways [12, 45, 46] , whereas laminar viscous-dominant flow controls transport beyond approximately the 9th respiratory generation [36] . Within this wide range of conditions, aerosol deposition may occur due to impaction, sedimentation, diffusion, and turbulent dispersion based on particle size in conjunction with the local flow dynamics. Ambient aerosols may evaporate or condense within the warm and humid environment of the respiratory tract. Additional factors affecting the transport and deposition of these particles or droplets include charge [47] , coagulation [48] , and number density effects, like cloud motion [39] . Despite these complexities, a number of studies have shown good agreement between model predictions of ambient aerosol deposition in the respiratory tract and experiments. 1-D whole-lung models have been shown to match available in vivo results for upper airway (fast clearance) and lower airway (slow clearance) depositions for decades [1, 3, 21, [49] [50] [51] . CFD models of ambient particle and droplet deposition have also shown good agreement with deposition in specific airway regions, such as the mouth-throat [31, 52] and upper tracheobronchial airways [45, 53, 54] , as discussed later in this review.
Pharmaceutical aerosols typically contain multiple compounds, including a drug, and may be associated with jet or spray momentum arising from the process of aerosol formation and flow through the device. In addition to the complexities associated with ambient aerosols, simulations of pharmaceutical aerosols must also consider the hygroscopic growth or evaporation of multicomponent droplets or particles and inlet flow conditions associated with the inhaler. For MDIs, significant evaporation of the initial spray droplets occurs and flow near the actuator nozzle is compressible, temperature dependent, and supersonic resulting in a high momentum turbulent spray jet entering the mouth-throat geometry [55] . For dry powder inhalers (DPIs), the aerosol often enters the mouth in a high speed turbulent jet, which is known to affect deposition [7] and particle deaggregation [56] . Hygroscopic growth may also be important for many dry powder aerosols. Soft mist inhalers reduce spray momentum effects; however, jets associated with aerosol formation and the inhaler mouthpiece may still significantly influence deposition [11, 57] . Considering model comparisons with experiments for pharmaceutical aerosols, DeHaan and Finlay [7] developed a correlation for the mouth-throat deposition of DPI aerosols as a function of jet diameter and inhalation flow rate, which was shown to match in vivo deposition data very well [16, 58] . CFD simulations of pharmaceutical aerosol delivery have been shown to match in vitro experiments for MDIs [10, 55] , DPIs [12] , and soft mist inhalers [11, 57] .
Challenges in applying CFD models
While CFD simulations provide advantages to predicting the fate of inhaled pharmaceutical aerosols, they are highly complex due to the underlying physics that must be captured. Challenges to CFD modeling of respiratory aerosols include the need for simulating turbulent and transitional flows, which may be compressible and supersonic near the site of droplet formation, as well as accounting for multiple phases, heat and mass transfer between phases, transient inhalation waveforms, and motion of the airway geometry. Simulating turbulence presents a significant challenge to computational models [59] . Highly complex large eddy simulations have recently shown good agreement with empirical data for flow field dynamics and particle deposition during steady state inhalation [12, [60] [61] [62] [63] . However, simpler and more numerically efficient two-equation k-ω models have also shown excellent agreement with in vitro data for the deposition of ambient and pharmaceutical aerosols in inhalers and in the respiratory tract [5, 6, 42, 45, 57, 64] . Recent simulations have approximated the highly complex flow dynamics around spray nozzles during MDI and soft mist aerosol formation including supersonic compressible flow and accurately predicted deposition in the upper respiratory airways [11, 55, 57] . Both 1-D [17, 18] and 3-D [43] models have been used to effectively predict the hygroscopic growth of pharmaceutical aerosols, which requires simulations of heat and mass transfer in both the discrete and continuous phases. Recent studies have also investigated the effects of geometry motion on flow field dynamics and aerosol deposition [65] . In general, the numerical model selected should be adequately complex to accurately capture the variables of interest, i.e., aerosol transport and deposition, yet as simple as possible to remain numerically efficient. Due to the complexities associated with modeling pharmaceutical aerosols and the very large number of potential simulation options, validation with experimental results is critical for effective model development.
For respiratory aerosols in general, numerical predictions often report deposition values on scales smaller than available experimental data. A large number of 1-D models predict branch-average data throughout the entire tracheobronchial tree. However, in vivo deposition data is typically limited to general regions (e.g., upper and lower airways) or shell regions of a lung volume [39] . Similarly, a large number of CFD studies report highly localized hot spots of deposition on sub-millimeter scales [27, [32] [33] [34] 66] . A relatively small subset of these studies have validated their results with branchaveraged or sub-regional values generated from in vitro experiments [12, 29, [67] [68] [69] [70] [71] . Other studies have considered qualitative validations by comparisons to local maps of deposition [70] . However, Longest and Vinchurkar [72] have shown that respiratory bifurcations with nearly identical branch-averaged values may have local deposition profiles that differ by factors greater than 10. This observation highlights the need for local quantitative validations of particle deposition results. However, very few studies consider quantitative validations at the sub-branch level [26] . As a result, it is not clear if current CFD predictions are correctly capturing the localized deposition characteristics of inhaled respiratory aerosols [72, 73] . CFD predictions of local aerosol deposition may be beneficial in predicting absorption, transport, and cellular uptake. However these results should be viewed with caution until further validation is completed with more refined experimental data sets.
Application of models to optimize respiratory delivery
As discussed, a variety of models are available for simulating both inhaler and respiratory tract deposition. Both 1-D and 3-D models show reasonable agreement with experiments over relatively broad regions of deposition relative to the scale of the predictions. These models have been applied to better understand the mechanics of aerosol deposition for both ambient and pharmaceutical aerosols. For example, numerical simulations of spray aerosol generation and delivery identified a spray aerosol burst effect which significantly contributes to mouth-throat deposition and could be reduced by extending the aerosol generation time [6] . Based on the current level of model advancement, these simulations are now being applied to improve existing inhaler designs, optimize delivery, develop new delivery modalities, and target the site of deposition in the respiratory tract. In the next section, the development of models for inhalers, the whole-lung, and individual sections of the airways are reviewed. For each region, a specific case study is provided to illustrate how simulations can effectively be applied to improve and optimize respiratory aerosol delivery.
Models of delivery devices
A number of studies have shown that the type and design of a respiratory inhaler can significantly affect deposition in the respiratory tract. Furthermore, deposition in the inhaler can result in significant aerosol loss and inefficient delivery to the airways. Types of delivery platforms which are expected to most significantly influence dynamics in the respiratory tract are MDIs and passive DPIs. However, device losses and influence on airflow dynamics are also known to be significant for many next-generation soft mist inhalers [55, 57] . Due to the 3-D nature of the flow field, CFD models are typically required to simulate inhaler dynamics, deposition, and the resulting influence of the inhaler on transport in the respiratory tract. Selected studies that have developed models of DPIs and spray inhalers (both MDI and soft mist) in the context of device deposition are reviewed below. An application case study is then presented in which a CFD simulation is used to quantify and minimize the depositional loss in a model soft mist spray inhaler.
Simulations of dry powder inhalers
A series of studies by Coates et al. [41, [74] [75] [76] was first to highlight the advantages of a concurrent CFD and experimental approach for DPI analysis and design. These studies considered the effects of grid structure and mouthpiece length [76] , air inlet size [75] , airflow [41] , and mouthpiece geometry [74] on powder deagglomeration and deposition for the Aerolizer™ DPI system. Transport characteristics observed with the CFD model were used to explain in vitro observations of the performance variables.
Wong et al. [77] recently conducted CFD simulations and experiments in three prototype DPI devices. The deaggregation of particles, which is required for the formation of a small respirable aerosol, was quantitatively linked to both turbulent kinetic energy and particle velocity at the impactor plate. Kroeger et al. [78] described the simulation of dry powder aerosols including particleto-particle collisions, particle-to-particle detachment, and particle-towall interactions. Wong et al. [56] applied CFD modeling in a series of entrance tubes in conjunction with experiments to investigate the influence of turbulence on agglomerate breakup. A critical impaction velocity was identified for effective breakup of the agglomerates. These CFD studies illustrated that most DPIs require wall impaction and turbulent kinetic energy to form a small respirable aerosol. However, these same factors contribute to device deposition and increased aerosol loss in the upper respiratory airways.
Simulations of spray inhalers
Relatively few CFD studies of spray inhalers have been performed. Dunbar et al. [79] developed a CFD model of droplet transport including atomization and evaporation for a MDI system and found good agreement with phase Doppler particle analysis. Versteeg et al. [80] reported a CFD model of MDI transport in an induction port geometry and found primary deposition in the horizontal section, which was consistent with the experimental results of Stein and Gabrio [81] . Kleinstreuer et al. [10] reported a CFD model of MDI aerosol transport and found good agreement with the mouth-throat deposition results of Cheng et al. [82] . Longest et al. [11] developed a CFD model of droplet transport for a capillary aerosol generator and showed good agreement with concurrent in vitro deposition results on a sectional basis. Longest et al. [6] then applied this model to analyze the influence of the spray aerosol burst effect on deposition in a mouth-throat geometry. It was found that deposition could be reduced by extending the period of spray aerosol delivery and thereby minimizing the effect of the initial spray burst. Longest et al. [55] reported good agreement between predicted and measured deposition of drug within multiple spray delivery platforms, which included a capillary aerosol generator, MDI, and a Respimat soft mist inhaler. Longest and Hindle [57] analyzed the Respimat soft mist inhaler and identified significant recirculation within the inhaler mouthpiece which contributes to significant (~30%) deposition of the aerosol in the device. Based on these studies, CFD models appear capable of predicting droplet transport and deposition within and from spray devices; however, their use has not been fully implemented in the design and evaluation of current aerosol delivery systems.
Application of CFD modeling to minimize aerosol loss in a spray inhaler
Longest and Hindle [42] evaluated the effects of dilution air inlets and flow pathways on mouthpiece drug deposition for a new pharmaceutical spray aerosol inhaler using a concurrent in vitro experimental and CFD approach. The spray aerosol system considered was capillary aerosol generation (CAG), which was reported to produce a high fraction of fine (b5 μm) droplets compared with other liquid-based systems [55] . In previous studies, the transport and deposition of CAG aerosols in induction port and mouth-throat geometries were considered in the absence of an inhaler body and associated coupling mouthpiece [5, 11] . In this study, design aspects of an inhaler body and mouthpiece were evaluated. Ideally, the inhaler was to produce low total mouthpiece drug deposition, or drug loss, and would not significantly alter the reported low values of induction port drug deposition. Two dilution airflow inlet sizes and two flow conditions near the spray nozzle were considered resulting in a total of four prototype inhaler designs. These systems were analyzed using a concurrent in vitro and CFD approach. Quantitative correlations were sought that could be used to analyze the four prototypes and could potentially be implemented to optimize future designs. Moreover, this study illustrated the advantages of quantitative analysis and design applied to a model system for a specific set of design variables and a defined performance criterion.
Results of Longest and Hindle [42] indicated that both the size of the upstream dilution air inlets and the flow pathway configuration near the spray nozzle significantly influenced aerosol transport and deposition. CFD results showed that the primary transport characteristics associated with drug deposition were turbulence intensity and the effective diameter of the mouthpiece. Strong quantitative correlations were developed between the identified transport characteristics and mouthpiece drug deposition. For example, Fig. 1 illustrates the correlation between mouthpiece deposition fraction (DF) and average turbulent kinetic energy (I avg ) resulting in a correlation coefficient R 2 value of 0.997. This design variable can then be applied to minimize mouthpiece deposition of the spray aerosol, illustrating the utility of the simulation results in device development and optimization for respiratory aerosol delivery.
One-dimensional whole-lung aerosol deposition models
Traditional whole-lung deposition models can be classified as semi-empirical, single path, or stochastic. The categories of single path and stochastic refer to how the lung geometry is approximated in the model. With both of these model types, the correlations that account for deposition by various mechanisms may be semi-empirical, analytical, or stochastic. Traditional whole-lung models were previously reviewed by Finlay [83] , Martonen et al. [39] , and Martonen et al. [84] . Isaacs et al. [14] reviewed mechanisms of aerosol deposition in the airways. However, traditional whole-lung models are discussed below for completeness followed by recent advances that make these models more applicable to pharmaceutical aerosols and drug delivery.
Traditional whole-lung models
Traditional semi-empirical models provide correlations for wholelung deposition or regional deposition based on fitting empirical data as a function of analytical parameters. For larger aerosols around 1 μm and above, an impaction parameter or the more physically relevant nondimensional Stokes number is used. To capture diffusional deposition, a non-dimensional diffusion parameter is often employed [85] . The study of Stahlhofen et al. [15] summarized previous in vivo deposition data and presented correlations for upper airway (fast clearance) and lower airway (slow clearance) deposition fractions based on impaction and diffusion parameters. The study of Rudolf et al. [86] presents similar correlations with the inclusion of tidal volumes to better account for the effects of inter-and intra-subject variability on the deposition results. The studies of Kim and Jaques [87] and Kim and Hu [88] present similar total lung deposition correlations. Based on the underlying data, these correlations are appropriate for monodisperse stable (constant diameter) spherical aerosols inhaled under controlled conditions through a large mouthpiece.
In contrast with whole-lung semi-empirical correlations, single path models were the first to predict branch-averaged deposition throughout the respiratory tract. These models assume all branches at each level of the tracheobronchial tree have equal dimensions, such that the aerosol passes down an average single path of the lung. Within each branch, deposition is calculated as a function of individual mechanisms, which typically include sedimentation, impaction, and diffusion. Typical single path models were developed and presented in the studies of Taulbee and Yu [51] , Yeh and Schum [49] , Martonen [89] , Martonen [4] , ICRP [1, 2] , and NCRP [3] . As described by Martonen et al. [39] , these single path models can account for factors such as intersubject variations in lung geometry, ventilatory parameters, and complex aerosol physics. Overall, these models agree well with in vitro fast and slow clearance fractions, which are assumed to represent upper and lower airway depositions, respectively [39, 83] . However, agreement with in vivo data is typically of lowest quality for aerosols greater than 5 μm and for all sizes in the alveolar region. In addition to healthy adults, single path models have also been used to explore aerosol deposition in approximations of diseased lungs [90, 91] and pediatric airways [92, 93] .
Stochastic whole-lung models attempt to capture both the probability for deposition and the expected variability in deposition on a branch-averaged basis. The first of these models was developed by Koblinger and Hofmann [94, 95] and used a Monte Carlo simulation to generate a random path from the mouth through the alveolar sacs. Deposition within each airway structure was calculated based on traditional correlations for sedimentation, impaction, and diffusion. The process of generating a random pathway and calculating deposition was repeated for a sufficient number of randomly generated structures to allow for the determination of statistical mean values of deposition with standard deviations at each branch level. Asymmetry of the airway bifurcations and flow was included in the model. The study of Hofmann and Koblinger [96] showed good agreement of the Monte Carlo 1-D lung model with fast and slow clearance deposition fractions from in vivo studies. Asgharian et al. [21] described the use of the Monte Carlo lung geometry approach in the development of the MPPD model. Applications of this approach include an assessment of intersubject variability in particle deposition throughout the respiratory tract [97] and the deposition of nanoaerosols [98] . The effects of asymmetrical lung ventilation Fig. 1 . Deposition fraction (DF) as a function of average turbulence intensity (I avg ) for a prototype capillary aerosol generator (CAG). The inset shows the inhaler body, heated microcapillary, and prototype mouthpiece connected to an induction port. Predicted deposition fractions from the experiment (Exp) and CFD model were in close agreement. The developed correlation can be used to optimize the inhaler design to minimize mouthpiece deposition, as described by Longest and Hindle [42] .
on lobar deposition have also been explored using this modeling platform [99, 100] .
Predictions of traditional 1-D models for upper and lower airway depositions usually fall within the wide range of experimental results, which arises due to intersubject variability in the experiments. Expanding in vivo data is helping to better identify expected means of deposition as a function of patient age [101] and gender [88] . The bolus delivery technique of Kim [102] allows for the determination of deposition through a series of inhalation volumes. Comparisons can then be made with 1-D model results throughout regions of the airways. However, experimental data for validating model predictions at the branch-averaged level remains elusive. Current imaging techniques have reported branch-level deposition data through the sixth respiratory generation [103] . For more distal airways, significant assumptions are required related to the mapping of airways into a 3-D shell model of the lung [39] . Using an advanced mapping model, Fleming et al. [104] compared in vivo deposition with predictions of the ICRP model on a branch-averaged basis. While some aspects of the predictions matched the in vivo results, there were significant differences in central vs. peripheral deposition and in the amount of alveolar deposition vs. the amount exhaled. Advances in imaging techniques and expanded data sets are needed for more convincing validations of 1-D model predictions at the branch-averaged level.
Advancements for the simulation of pharmaceutical aerosols
A number of recent advances have made whole-lung models more capable of determining the deposition of pharmaceutical aerosols. The study of Martin and Finlay [105] proposed a whole-lung deposition correlation based on most all available in vivo data. The correlation accounts for inhalation flow rate, tidal volume, patient functional residual capacity as well as particle and gas variables. Kim [102] summarized whole-lung deposition correlations based on the studies of Kim and Jaques [87] and Kim and Hu [88] .
Pharmaceutical aerosols are expected to vary in size as a function of either evaporation or hygroscopic growth. Ferron [106] developed a general model for hygroscopic aerosol growth in the respiratory airways, which was applied to pharmaceutical aerosols in the study of Ferron et al. [18] . At typical respiratory tract conditions, which are generally considered to be 99.5% relative humidity and 37°C, Ferron et al. [18] showed that the effect of hygroscopic growth on aerosol size increase was significant for many common drugs and salts at dilute aerosol number concentrations. Similar results are expected from the study of Martonen [89] . For nebulized droplets, the study of Finlay and Stapleton [107] showed that aerosol number concentration greatly reduced the potential for evaporation due to saturation of the continuous phase. Finlay [108] developed a generalized theory on droplet hygroscopic growth and evaporation and found that little size change is expected for nebulized droplets at number concentrations typical of pharmaceutical aerosols. Other recent whole-lung studies that consider droplet size change include Broday and Georgopoulous [17] and Varghese and Gangamma [109] .
An area where whole-lung modeling has been significantly improved is in the prediction of alveolar deposition. In the alveolar region, deposition typically occurs due to sedimentation and diffusion. Both of these mechanisms are strongly influenced by wall motion, which is known to be significant in the flexible alveolar airways during respiration. A representative study that accounts for the effects of alveolar wall motion was performed by Choi and Kim [110] . In this model, alveolar transport was treated as a two dimensional process by accounting for both radial diffusion and alveolar motion during airway expansion and contraction. Kim [102] reports notable improvements of model predictions in comparison with experimental results when wall motion is included.
Other advances in whole-lung models include the consideration of non-spherical particles or drug delivery fibers [111] , the effects of particle charge [19] , and bolus dispersion. Both MDI and DPI aerosols are delivered as a bolus to the airways. Traditional deposition models often neglect factors associated with bolus delivery, which may influence the local deposition pattern within the airways. The study of Park and Wexler [112] presented a bolus dispersion model based on differences in inhalation and expected exhalation velocity profiles. Park and Wexler [113] illustrated the motion of particles in the smaller range of the pharmaceutical aerosol spectrum over multiple breaths within the lung, which can affect both the site and amount of deposition.
Application of whole-lung models to develop charge-targeted delivery
Over 50 years ago, Wilson [114] suggested the potential for enhanced aerosol deposition in the respiratory tract due to particle charge. Currently, charge on pharmaceutical aerosols is thought to affect deposition in sizing devices [115] , inhalers [116] , and the respiratory tract [19] . Studies by Yu [117] , Thiagarajan and Yu [118] , and Chen and Yu [119] developed analytical expressions for charged particle deposition in geometric elements consistent with sections of the respiratory tract. The subsequent studies of Balachandran et al. [120] and Bailey et al. [121] used 1-D whole-lung models to describe targeting the deposition of pharmaceutical aerosols to specific lung regions by controlling the inhalation flow rate, particle size, and level of charge. Balachandran et al. [120] showed that charge effects could be more significant than sedimentation in the alveolar airways and could target deposition to this lung region. Bailey et al. [121] observed that charged submicrometer particles significantly increased alveolar deposition whereas charged micrometer particles were largely retained in the upper airways. Currently, a practical system for delivering a chargetargeted pharmaceutical aerosol has not been developed. This is largely due to difficulties in generating consistently charged aerosols without significant depositional losses. The most practical way to effectively generate a charged aerosol for inhalation may be electrospray [122] . However, this method of aerosol generation requires high voltages in the inhaler and likely generates a small amount of ozone, which can irritate and inflame the respiratory tract. Finlay [83] suggested that the humid environment of the respiratory tract will diminish particle charge, which is expected to reduce the effectiveness of charge targeting. While current technological limitations may prohibit the practical delivery of charge-targeted aerosols, the modeling studies of Balachandran et al. [120] and Bailey et al. [121] illustrate the use of a numerical whole-lung model to develop a potential respiratory aerosol delivery system capable of providing targeted delivery to the upper or lower respiratory tract that may prove useful in future applications.
CFD models of aerosol deposition in the extrathoracic airways
An understanding of deposition in the extrathoracic airways is critical because aerosols depositing in this region are not available for delivery to the remainder of the respiratory tract. Extrathoracic deposition is usually high for both ambient and pharmaceutical micrometer aerosols. Furthermore, significant variability in extrathoracic airway geometries coupled with high depositional losses creates high variability in the aerosol dose delivered to the lungs [123] . CFD models have frequently been applied to better understand the deposition of both ambient and pharmaceutical aerosols in this region. As reviewed below, these models are currently being applied to develop devices that reduce extrathoracic deposition, and the associated variability, in the case of lung delivery or to target deposition within specific regions of the nose for nasally administered drugs.
Deposition in mouth-throat models
Considering stable orally-inhaled ambient aerosols, CFD studies have been used to evaluate transport and deposition in simplified, patient specific, and characteristic mouth-throat (MT) geometries. The MT region is typically considered to contain the oral cavity, pharynx, larynx, and sometimes an upper portion of the trachea. In general, simplified models have a geometric similarity to the airway region being considered, but may leave out key details that affect the output variables of interest. Patient specific models are based on reconstructions from medical images of individual subjects, and attempt to include all geometric details available in the scans. In contrast, characteristic models seek to accurately reproduce the aerosol deposition characteristics of a specific patient population while omitting unnecessary geometric details that do not affect the variables of interest. Kleinstreuer and Zhang [124] developed a simplified model of the MT that was characterized by a curved airway and circular cross-sections based on the hydraulic diameters specified by Cheng et al. [125] . This study showed good agreement between the regionally averaged empirical data of Cheng et al. [125] as a function of Stokes number and the numerical results. Kleinstreuer and Zhang [124] also demonstrated the importance of transitional and turbulent flows on particle deposition throughout the oral airway model. Zhang and Kleinstreuer [126] used this oral airway model to characterize local species heat and mass transfer. Zhang et al. [33] mapped localized deposition values for a range of flow rates and particle sizes in the same circular oral airway model.
Patient specific models of the MT region have been developed to consider a variety of aspects related to the deposition of ambient aerosols using CFD modeling. Sosnowski et al. [127, 128] applied a patient specific model of the MT to characterize the effects of non-steady flow on the deposition of aerosols in the size range of 0.3-10 μm. This study highlighted the potential importance of aerosol or bolus release time on deposition in the extrathoracic airways. Takano et al. [129] developed a patient specific MT model with a focus on realism in the laryngeal region. This study indicated that a majority of deposition occurs in the oral cavity and pharynx with deposition in the larynx agreeing with ICRP [1] model predictions. Jayaraju et al. [130] developed a similar patient specific model of the oral cavity using an unstructured grid and also found that a majority of deposition occurred in the oral cavity. Studies by Gemci et al. [131] and Sandeau et al. [132] have considered patient specific models of the larynx and MT, respectively, and demonstrated reductions in aerosol depositional losses for administration with low density helium-oxygen mixtures, which act to effectively reduce inertial impaction and turbulence.
The study of Stapleton et al. [133] was the first to report a characteristic MT model which was based on simple geometries and retained basic anatomical features from medical scans as well as direct observations of living subjects. This model is referred to as the Alberta MT geometry, and has been widely implemented in both numerical and in vitro aerosol deposition studies [52, [134] [135] [136] [137] . Using this MT model, Stapleton et al. [133] reported good agreement between CFD model predictions and in vitro experimental results of total aerosol deposition for laminar flow but not for turbulent conditions using a k-ε turbulence approximation. Matida et al. [52] reported that poor agreement between model and experimental results using Reynolds averaged Navier Stokes (RANS) approaches like the k-ε model was due to the assumption of isotropic near-wall turbulence, which assumes turbulent fluctuations are equal in all directions [23] . Significant improvements in model agreement with experimental data were achieved with the use of a nearwall anisotropic correction to the RANS model. Zhang et al. [137] developed a further simplified characteristic geometry of the MT and evaluated the geometry using both CFD simulations and experiments. The CFD model results, using a k-ω model and near-wall corrections, agreed with deposition experiments and showed that this highly idealized geometry may be a good characteristic model of MT deposition. Zhang et al. [138] used CFD modeling and experiments to optimize the highly idealized MT to best match the deposition profiles of in vivo data.
Xi and Longest [31] used a CFD modeling approach to develop a characteristic MT geometry based on successive geometric simplifications of a realistic geometry. It was found that a MT model composed of smoothly connected elliptical cross-sectional profiles provided good agreement with deposition in a realistic geometry for both micrometer [31] and nanometer [139] aerosols. This model has also shown good agreement with patient specific in vitro [140] and in vivo data [15] , as reported by Longest et al. [5] . Xi and Longest [31] reported that the inclusion of a non-circular glottic aperture was required to accurately model deposition in the region of the larynx. Furthermore, the use of an elliptical glottis and sloped trachea in the elliptical model of Xi and Longest is expected to provide realistic inlet conditions for considering deposition in models of the tracheobronchial airways, as reported by Xi and Longest [31] and Xi et al. [45] .
Considering pharmaceutical aerosol transport in the respiratory airways, several CFD studies have evaluated the effects of DPI inlet conditions on enhanced aerosol deposition. Matida et al. [141] considered transport in the MT region with different small size tubular inlets using CFD modeling and confirmed that a turbulent impinging jet striking the back of the throat was responsible for an experimentally observed [136] inverse relationship between inlet size and MT deposition. With insights gained from this modeling study, DeHaan and Finlay [7] developed a novel quantitative correlation to predict oral cavity deposition as a function of Stokes number and mouthpiece diameter. This correlation can be used to optimize the geometry of DPI mouthpieces in order to minimize oral cavity losses for specific aerosol sizes. Matida et al. [12] considered transport in an oral cavity model with a 3 mm inlet consistent with a typical DPI using large eddy simulation (LES) turbulence modeling. Both turbulence and the inlet jet were shown to significantly elevate MT deposition. Furthermore, LES was shown to provide better agreement with experimental results than an isotropic RANS approach (i.e., without near-wall anisotropic corrections). Ilie et al. [61] evaluated aerosol transport and deposition in the oral airway for a small DPI inlet with a spiral design. Large eddy simulations were shown to match experimental deposition results very well. However, Ilie et al. [61] stress the high computational cost of LES, which makes this method impractical for simulating transient inhalation profiles.
Due to the complexity of the underlying physics, the transport and deposition of pharmaceutical spray aerosols have only recently been successfully modeled. Kleinstreuer et al. [10] evaluated chlorofluorocarbon (CFC) and hydrofluoroalkane-134a (HFA) MDIs connected to a MT model. The CFD simulations started with a large size aerosol at the actuator nozzle and modeled secondary droplet breakup, evaporation, two-way momentum coupling, and heat/mass transfer. The CFD model predictions matched previously reported values of aerosol drug deposition in the MT region. The study of Kleinstreuer et al. [10] also described the delivery of spray aerosols within pre-determined locations of the mouthpiece inlet to target deposition within the airways. Longest et al. [55] considered a MDI inhaler connected to an induction port model. In this study, in vitro experiments were first used to determine the initial distribution of the polydisperse pharmaceutical aerosol. The flow field simulation included an evaluation of compressible and supersonic flow as the propellant exited the 250 μm actuator orifice. Simulation predictions matched concurrent in vitro experiments of drug deposition in the inhaler mouthpiece and induction port.
Longest and Hindle have considered the aerosol dynamics of a series of next-generation soft mist inhalers connected to MT models using a concurrent CFD and in vitro approach. Longest et al. [11] developed a CFD model of CAG in which an aerosol is formed by pumping a liquid through a heated microcapillary. Results of the CAG model showed excellent agreement with in vitro deposition experiments in a sectioned induction port geometry. The study of Longest et al. [5] evaluated the effects of spray momentum on drug deposition in induction port and MT geometries compared with ambient aerosols. Spray momentum was shown to increase the mouthpiece and MT deposition of pharmaceutical aerosols through the mechanisms of (1) induced turbulence and (2) significant droplet inertia. To reduce spray momentum, Longest et al. [6] used CFD simulations to explore the effects of extending the aerosol generation time. Longest and Hindle [57] used concurrent CFD modeling to evaluate spray transport from the Respimat inhaler and to describe mechanisms responsible for high inhaler deposition, as described previously in this review. Size change was observed to be significant for MDI aerosols, but two-way coupling and the effect of spray momentum generally limited the effects of evaporation for the other spray systems considered.
Nasal deposition
Previous CFD studies of aerosol transport and deposition in the nasal airways have considered aerosols in the ultrafine (b100 nm), fine (100 nm-1 μm), and coarse (N1 μm) regimes. Comparisons of CFD results to experimental deposition data for submicrometer aerosols in the nasal airways are often difficult due to differences in the geometric models and the complexity of the transport dynamics. Martonen et al. [142] developed a numerical model of ultrafine aerosol transport and deposition in the nasal cavity based on diffusional theory in a highly simplified tubular geometry. The resulting correlation agreed well with experimental predictions of total deposition for nanoparticles ranging from 1 to 100 nm. More recently, Shi et al. [143] reported local deposition patterns of very small nanoparticles in the nasal cavity under laminar and transient breathing conditions based on a chemical species transport model. Zamankhan et al. [144] simulated the transport and deposition of ultrafine aerosols in the range of 1-100 nm and showed good agreement with the in vivo deposition data of Cheng et al. [145] for particles less than approximately 20 nm. However, particles greater than 20 nm did not match the experimental data to a high degree.
Considering both fine and ultrafine aerosols, Xi and Longest [27] presented a novel drift flux model to effectively simulate the transport of aerosols less than 1000 nm, which is often numerically challenging due to the small amount of inertia that must be accurately resolved [73] . The drift flux method matched existing in vitro and in vivo nasal deposition data to a high degree.
For coarse aerosols, Schroeter et al. [146] considered the effect of size, nostril release position, and flow rate on local deposition in the nasal airways. These results can be used to select optimal conditions for respiratory drug delivery to specific regions of the nose. However, initial spray momentum and droplet velocity were not present in the simulations. Liu et al. [60] simulated particles ranging from 0.354 to 16 μm using three Lagrangian particle tracking models. Results of this study showed that the standard eddy interaction model used for Lagrangian particle tracking in turbulent flows significantly over predicted the deposition of the smaller particles considered. Shi et al. [147] developed a model of wall roughness to improve the agreement between numerical simulations and nasal cast experiments. Shanley et al. [148] conducted CFD simulations for nasal aerosols in the size range of 1 to 10 μm and provided an improved correlation for deposition. Schroeter et al. [149] recently showed that both surface roughness and model smoothness must be considered to successfully match in vitro results for inertial particle deposition in the nose.
Compared with ambient particles, pharmaceutical aerosol delivery in the nasal airways has been considered by significantly fewer studies. Schroeter et al. [150] considered the hygroscopic growth of cigarette smoke (which is not a pharmaceutical aerosol) in the nasal airways and reported significant changes in droplet size. Kimbell et al. [151] considered CFD simulations of aerosol transport from spray devices, as described below. Longest et al. [152] used CFD simulations to explore the delivery of pharmaceutical aerosol through the nose and into the lungs using the concept of enhanced condensational growth.
Application of CFD modeling to target nasal delivery
Aerosol deposition in the nasal airways can be used to effectively administer both systemic and locally acting pharmaceuticals. For optimal absorption and uptake, deposition is required beyond the nasal value region. However, studies typically indicate that nasal sprays are deposited within the anterior 1/3 of the nose (i.e., the vestibule and valve regions). The experimental study of Foo et al. [153] recently showed that nasal spray deposition is largely controlled by spray properties, such as spray cone angle and initial velocity. However, few CFD studies have included spray properties in the simulation of nasal deposition. To optimize the nasal delivery of sprays for aerosol deposition beyond the valve region, Kimbell et al. [151] considered aerosol transport and deposition in a patient specific nasal model. CFD simulations were used to evaluate the effects of spray properties (inhaler angle and initial droplet velocity), nozzle insertion depth, particle size, and inhalation flow rate on deposition beyond the nasal value. For optimal conditions, post nasal valve deposition was observed to increase by an order of magnitude from typical values of approximately 2% to values of 20%. Moreover, release positions within the nostrils were mapped that can be used to further optimize post nasal valve delivery and control the site of deposition. The effective targeting of sprays to specific regions of the nose, like the olfactory region for nose-to-brain delivery, is an area in which CFD simulations can make future contributions.
CFD models of tracheobronchial deposition
A number of studies have used CFD simulations to predict aerosol deposition in simplified, patient specific, and characteristic models of the upper conducting airways. Simulating deposition in the tracheobronchial (TB) region has recently been reviewed by Kleinstreuer et al. [64] . Specific areas of interest for ambient aerosols that contribute to the simulation of pharmaceutical delivery include validations of simulation results, evaluation of localized deposition, CFD model selection, and development of composite CFD models of the entire TB airways. For pharmaceutical aerosols, studies have focused on droplet growth and evaporation with dissolved solutes. These topics are reviewed below and a case study is presented in which a new respiratory aerosol delivery approach is developed using CFD simulations in conjunction with concurrent in vitro testing.
Simulations of ambient aerosols in the TB airways
Simulations of ambient aerosol deposition in the TB airways have been compared with experimental results in a number of studies. In simplified double bifurcation models, branch-averaged deposition has been widely compared with the in vitro data of Kim and Fisher [154] [32, 67, 68, 155, 156] . Considering localized conditions, Longest and Vinchurkar [157] compared deposition results for a 10 μm aerosol using a LRN k-ω model with the mm-scale in vitro data of Oldham et al. [158] . It was determined that correctly modeling the inlet velocity and particle profiles was required to accurately reproduce the localized deposition results. Furthermore, agreement between the model and experiments in terms of total deposition did not indicate validation of the model on the local level. Difficulties with validating CFD deposition results were further explored in Longest and Oldham [159] and Oldham [160] . In a more complex geometry of the lower TB airways, Robinson et al. [161] calculated the deposition of submicrometer particles and validated the total deposition values with in vitro experiments in the same model. Isaacs et al. [54] considered a simple model of the trachea and successfully compared with previously published results of local particle deposition at the first carinal ridge. Using an accurate scan based representation of an existing TB cast geometry through the sixth generation, Xi and Longest [45] successfully predicted total in vitro deposition results over a range of particle sizes from Cohen et al. [162] and Gurman et al. [163] in the same model (Fig. 2) . Recent studies by Tian et al. [35] and Lambert et al. [30] have successfully compared with in vitro TB deposition results on a branch-averaged level. However, detailed validations of local particle deposition and hot spot formation in the TB airways remain to be performed.
CFD simulations provide the capability to map localized regions of deposition, which are frequently referred to as hot spots. Quantifying the amount of deposition within hot spots is important to accurately predict particle dissolution in mucus or airway surface liquid, diffusional transport after deposition, and uptake within the epithelial layer. Balashazy et al. [34] describe the calculation of hot spots and Balashazy et al. [66] associate hot spot formation with the occurrence of tumors in lung cancer, which was also shown by Martonen [164] using an in vitro model. A number of studies in simplified geometries have presented deposition enhancement factors (DEFs), which quantify the amount of local deposition within a defined area relative to total deposition in the entire region considered. For a simplified upper TB model, Zhang et al. [33] showed that DEFs for microparticles ranged from 40 to 2400 and for nanoparticles ranged from 2 to 11. Longest et al. [32] indicated that a 30% asthma constriction of upper airway diameters could increase DEFs in the upper TB airways by one to two orders of magnitude; a new microdosimetry factor was also defined for calculating doses within hot spot regions. For a CFD model of the TB airways based on an airway cast (see Fig. 2 inset) , DEFs computed by Xi and Longest [45] are presented in Fig. 3 .
In calculating CFD simulations of aerosol deposition, modelers can choose between several meshing options. Longest and Vinchurkar [72] illustrated that commonly used and easy to construct tetrahedral meshes reduce solution quality and increase simulation times. In contrast, hexahedral mesh designs require more initial time and expertise to generate, but provide faster solutions and a better match to in vitro experimental data. Vinchurkar and Longest [165] showed that for 10 μm particles, there was little effect of the mesh on local deposition patterns. However, both local and total deposition fractions changed dramatically for smaller particles as a function of mesh type with the hexahedral mesh providing the best results.
As with the extrathoracic airways, the selection of the turbulence model in the TB region can significantly affect the quality of the deposition results. The study by Jayaraju et al. [166] considered an idealized upper airway model that contained a portion of the trachea and showed that detached eddy and large eddy simulations improved agreement with experimental results for the prediction of the flow field and micrometer particle deposition, compared with a RANS k-ω turbulence model without near-wall corrections. However, studies by Longest and Vinchurkar [157] and Xi et al. [45] indicated that the LRN model can accurately predict local and total particle deposition, provided that a near-wall correction is included. Longest and Xi [25] Fig. 2 . Comparison of CFD model predictions and experimental results of deposition fraction in a TB model of the upper conducting airways. The original cast used in the experimental studies was obtained and scanned to produce the geometric model (see inset) and CFD results, as described by Xi et al. [45] . Fig. 3 . Deposition enhancement factors (DEFs) for a steady state inhalation flow rate of 30 L/min in a cast-based model of the upper TB airways with particle sizes of (a) 40 nm and (b) 4 μm. DEF values represent the ratio of locally deposited mass to total deposited mass in the airway. Significant enhancement in local deposition is observed for both nanometer (factor of 25) and micrometer (factor of 110) aerosols. also showed that corrections to the Brownian motion term and improved interpolations of near-wall velocities were required for the accurate simulation of nanoaerosols using a common commercial code (i.e., Fluent 6.2/6.3/12, ANSYS Inc., Canonsburg, PA). Studies by Jin et al. [62] and Lambert et al. [30] have considered LES in the upper TB region for ambient particle deposition. However, simulating transient inhalation waveforms remain computationally prohibitive for LES. Studies by Zhang et al. [70] and Li et al. [167] have indicated that the inhalation waveform may affect the deposition of aerosols in the upper TB airways.
In addition to multiple options for turbulence modeling and selecting steady state or transient airflow conditions, different types of particle tracking models are also available and have been applied in the TB airways. Particles can be simulated as either discrete elements (Lagrangian model) or as a second continuous phase (Eulerian model).
A recently developed Eulerian model of ambient aerosol transport and deposition in the TB airways shows excellent agreement with total and local in vitro results [26] , can decrease particle simulation times by an order of magnitude [28] , and is not subject to over predictions of deposition associated with isotropic turbulence models.
A number of recent papers have reported aerosol transport and deposition in realistic models of the upper TB airways usually extending to approximately the fourth through the ninth generations for inhaled ambient aerosols [45, 167, 168] . Gemci et al. [169] developed a CFD model of airflow in all generations (~17) of the TB region. However, the reported number of grid cells was likely not sufficient when compared to the grid convergence studies of Longest and Vinchurkar [72] . In a series of papers, Kleinstreuer et al. developed a CFD model of aerosol transport and deposition throughout the TB region [36, 170] . This model is based on repeating scaled triple bifurcation units in series and in parallel to characterize airflow and deposition in all 16 generations of an idealized TB tree, and is effective for evaluating deposition efficiency within individual branches. Lin et al. [37] reported a coupled 3-D and 1-D lung transport model that can mimic the entire TB region on a patient specific basis; however, particle transport results were not provided. Lambert et al. [30] developed a patient specific model of steady state inhalation using LES that extended from the mouth to approximately the sixth respiratory generation. This CFD study was then used to explain the disproportionate fraction of aerosols that is known to enter the left lung despite higher ventilation to the right lung.
Models of pharmaceutical aerosols in the TB airways
Compared with ambient particles, significantly fewer studies have considered the transport and deposition of pharmaceutical aerosols in the TB airways. While not a pharmaceutical aerosol, the unexpected high deposition of cigarette smoke in the upper TB airways was considered using a CFD model of hygroscopic droplet growth by Longest and Xi [171] . Using salt as a model pharmaceutical solute, Zhang et al. [172] showed that concentrations of 10% and higher were required for hygroscopic growth to have a significant impact on deposition.
Both computational and in vitro studies have been used to develop the recently proposed concept of enhanced condensational growth (ECG) aerosol delivery [8, 173] . In this approach, a submicrometer-or nanometer-scale aerosol is delivered to the respiratory airways in conjunction with an airstream that is saturated or supersaturated with water vapor and above body temperature. Aerosols in the size range of 100-1000 nm are considered in order to minimize deposition in the extrathoracic airways and maximize the dose of delivered drug. As a result, aerosol depositional loss in the delivery device and MT or nasal region are largely eliminated. The inhaled water vapor is used to create supersaturated conditions within the respiratory airways. Submicrometer droplets in this supersaturated environment increase in size at a controlled rate due to condensation. Size increase to within the range of 2-3 μm is used to ensure deposition and full lung retention of the aerosol.
Hindle and Longest [43] evaluated ECG aerosol delivery in a characteristic model of the MT and upper TB region extending to the fifth respiratory bifurcation (B5) down an individual path using concurrent CFD simulations and experiments. Results indicated that MT drug loss was minimal (~1%) and that TB deposition increased with ECG conditions, which implies significant aerosol growth. Specifically, ECG conditions were observed to increase deposition in branches B3-B5 by an order of magnitude compared to a control case without growth (~2% with ECG vs. 0.3% with control). The numerical predictions closely matched the experimental results of deposited drug within individual sections of the model and indicated a size increase of the initially submicrometer aerosol to 2-4 μm at the fifth respiratory bifurcation. As a result of this and previous concurrent CFD and in vitro studies, it can be concluded that ECG is an effective strategy for significantly reducing MT aerosol deposition and increasing droplet size to a target range of 2-4 μm, which is expected to produce nearly complete lung retention.
Application of CFD modeling to evaluate the performance of ECG delivery
Tian and Longest [35] recently used CFD simulations in a characteristic MT and TB model to further develop the concept of ECG delivery. In this study, ECG delivery was evaluated in an individual path model extending from the MT to the end of the TB region. Initially monodisperse aerosol sizes of 560 and 900 nm were delivered at the mouth, consistent with previous experimental studies [173] . Aerosol size change and deposition were assessed for the inhalation of control subsaturated air and ECG conditions with saturated air and temperatures of 39 and 42°C. Results indicated that both the control and ECG delivery cases produced very little deposition in the MT and upper TB model (approximately 1%). Under ECG delivery conditions, large size increases of the aerosol droplets were observed resulting in mass median aerodynamic diameters of 2.4-3.3 μm exiting the fifth branch of the TB airways (Fig. 4a) . This increase in aerosol size produced an order of magnitude increase in aerosol deposition within the TB airways compared with the controls, with TB deposition efficiencies of approximately 32 to 46% for ECG conditions (Fig. 4b) based on the CFD model. Estimates of downstream pulmonary deposition indicated near full lung retention of the aerosol during ECG delivery.
CFD models of aerosol deposition in the alveolar airways
There are a number of analytic benchmark models of the acinar region dating back more than 50 years, but it has not been until recently that CFD models have contributed to our understanding of transport and deposition in the alveolar airways. Studies of deposition have progressed from analytic 1-D models of the whole lung to 3-D numerical models that expand and contract rhythmically [65] while providing extremely accurate geometric details for multiple generations [174] . This region has always been difficult to consider experimentally because the particles that reach the alveolar region are capable of depositing by four modes -impaction, sedimentation, diffusion and wall induced convection, and a model that describes deposition must account for each of these mechanisms. This stands in contrast to models of oxygen and carbon dioxide molecular transport, which move primarily by diffusion. Berg et al. [175] show the level of geometric complexity required to create an in vitro physiologically accurate model of the alveolar airways. Using modeling, Kojic and Tsuda [176] , Haber [177] , and Schirrmann et al. [178] demonstrate the importance of flow conditions and cyclic breathing in the alveolar airways.
Transport and deposition in a single alveolus
Modeling the alveolar airways as a single alveolus provides a baseline for understanding the mechanics which govern the transport and deposition of particles in the deep lung. Particle size, wall motion, breathing cycle, and orientation of gravity have all been shown to significantly affect deposition. Kojic and Tsuda [176] used an analytic model to solve non-dimensionalized particle motion and deposition equations and determined the importance of oscillatory flow conditions. The application of the classical assumption of steady Poiseuille flow to an alveolus significantly underestimated local deposition density.
In early alveolar models, inertia was not typically considered because of the "creeping" flow of air and corresponding low Reynolds number (Re ≪ 1) [179] . Similarly, convective mixing was traditionally excluded from the model because of the low Reynolds number. Further simplifying the early models, the motion of the walls was considered reversible [180] and excluded. These simplifications led to highly predictable streamlines and deposition that was not realistic [181] . Haber et al. [177] built analytical and numerical models to demonstrate the complexity of streamlines in a single alveolus. Their findings indicate convective mixing in the alveolar region stemming from the interaction of the wall motion and the breathing cycle even though the Reynolds number was very low. As a result, models of a single alveolus have shown the importance of including wall motion and convective mixing.
Haber et al. [179] describe the complexity of gravitational deposition and deposition of fine particles (diameter b0.5 μm) in their CFD model of a single alveolus with rhythmically expanding and contracting walls and transient flow characteristics. This study states "…the rhythmical motion of the alveolar walls, fundamentally changes the acinar flow patterns and substantially alters the fate of particles moving inside the alveoli." A transition between sedimentation and diffusion driven deposition appears to occur in the acinar region of the lungs for particles of size~0.5 μm. Balashazy et al. [182] built a 3-D expanding and contracting CFD model to determine the transitional range to be 0.1 μm and 1 μm, the largest particles being dominated by sedimentation and the smallest depositing by Brownian motion. Darquenne and Paiva [183] used a CFD model to estimate this critical particle size to be 0.5 μm, with consistent explanations for the deposition of larger and smaller particles.
Transport and deposition in alveolar structures
Alveolar structures are groupings or clusters of individual alveoli, which prove more difficult to resolve using analytic models. As a result, 3-D CFD models have been used to explore aerosol transport and deposition in these structures. Lee and Lee [184] numerically compared a rigid cylinder to an expanding cylinder and a rigid alveolated duct to a rhythmically expanding and contracting alveolated duct. Their models found the Strouhal number to be the dominant parameter for particle dispersion and the fluid flow patterns were observed to change between the rigid and expanding geometry, resulting from fluid being pushed or pulled from the alveoli to the central duct. Similarly, Tsuda et al. [185] reported complex chaotic flow behavior as the classical assumption of Poiseuille flow was shown to be invalid for a model which considered time-dependent wall motion of a simplified alveolar structure.
Darquenne and Paiva [183] modeled transient breathing in 2-D and 3-D representations of the last four generations and demonstrated that "1D simulations underestimate the penetration of the aerosols in the structure and overestimate the deposition." Dailey and Ghadiali [186] numerically solved for the flow field in a 2-D model of a cluster of alveoli coupled with the motion of the wall. They concluded that particles smaller than 0.5 μm deposit due to the dominance of Brownian diffusion, particles which are larger than 1 μm deposit primarily due to gravitational settling, and particles that are larger than 0.5 μm and smaller than 1.0 μm experience a large residence time due to the diminished diffusion and sedimentation terms.
With a 14 sided representation of an alveolus, Sznitman et al. [65] numerically explored a 3-D model of 8 generations of the pulmonary acinar tree with transient breathing and moving walls and showed that there is a significant loss of kinematic information when models are simplified to a single alveolus or duct. They found 1 μm particles to Fig. 4 . Enhanced condensational growth (ECG) delivery of an initially 900 nm aerosol with a humidity stream temperature of 39°C in terms of (a) trajectories and (b) deposition locations contoured according to droplet size. For this delivery condition, growth from 900 nm to approximately 2.5 μm is observed, which results in significant deposition in the lower TB airways. Tian et al. [35] showed that near full retention of the aerosol occurs in the alveolar region.
exhibit highly three dimensional motion due to the residence time being longer than a breathing cycle, which was caused primarily by the oscillatory breathing and suggests that it may be necessary to simulate more than a single breathing cycle.
Application of CFD modeling to evaluate the delivery of magnetic aerosols
Xie et al. [187] evaluated the deposition of aggregated superparamagnetic nanoparticles by conducting kinematic studies in a rigid tube with steady flow using in vitro experiments and CFD modeling. This study varied the particle size, tube diameter, and flow rate in the in vitro and in silico models, but they only considered one orientation of gravity (against flow). Both magnetic effects and Brownian diffusion were considered in the CFD model. Excellent agreement between experimental and numerical simulations was found, with primary differences attributed to the diffusing of the magnetic field at the boundaries and rolling of the particles after contacting the wall. This study provides a baseline for future work in more realistic geometries at various orientations to examine the relationship of magnetic particle deposition in the context of the previously discussed complexities of the acinar region.
In a following study, Xie et al. [188] compared CFD, experimental, and in vivo models to characterize the deposition of a polydisperse aerosol with magnetite particles coated in oleic acid. They found no increased deposition in the mouse trachea, due to the distance between the trachea and the magnetic source. However, they showed an increase (doubling) of deposition throughout the airways. Deposition in vitro and in silico was used to predict deposition in vivo by comparing the magnetic deposition time with the aerodynamic time. If the time required for deposition due to the magnetic force was less than the time spent in the geometry, as determined by the computational model, deposition occurred. Applying this to the acinar airways, the aerodynamic time of the alveolar region is taken to be the amount of time the particle can be found in the deep lung. For complete deposition in the alveolar region, the time found can be determined by dividing the average alveoli diameter by the induced magnetic velocity. Magnetic particles that reach the alveolar region and are retained for two seconds require an induced magnetic velocity of 0.15 cm/s for full deposition. Magnetic velocities predicted by the CFD model showed that pulmonary targeting is possible, and Xie et al. [188] state "This approach can form the basis for assessing the feasibility of magnetic targeted drug delivery in humans." However, when designing future models, the need for a strong magnetic field to induce deposition at large distances must be considered. To address this issue, studies by Martin and Finlay [189] and Redman et al. [190] have proposed using magnetic alignment of fibers to target drug deposition; however, a CFD optimization study of this approach has not previously been reported.
As an extension of Xie et al. [187, 188] , the transport of magnetic aerosols was considered using a CFD model in an alveolar bifurcation starting at the eighteenth respiratory generation, as shown in Fig. 5 , for a tracheal inhalation flow rate of 30 L/min. The aerosol was composed of 1 μm droplets containing 10% by mass magnetite nanoparticles. A permanent Alnico magnet was considered that had a wedge shaped design, as described in the study of Xie et al. [187] , with a maximum strength of 0.4 T and was positioned above the geometry 3 mm away from the wall surface. For the case of gravity acting on the aerosol without the magnetic force, the deposition fraction of the 1 μm aerosol was 0.5%. In contrast, the magnetic force was observed to increase the deposition fraction to 71.7% even though it was in the opposite direction of the gravity vector. Significantly stronger magnetic fields are needed to move the magnet further away from the geometry. However, these CFD results demonstrate how a simple permanent magnet can be used to target deposition within the alveolar region.
Discussion and future work
In conclusion, a variety of in silico models are available to simulate the delivery of aerosols to the respiratory tract. As expected, each of these models has inherent strengths and weaknesses. Both 1-D and 3-D CFD approaches have contributed to the current understanding of ambient aerosol transport and deposition in the respiratory airways. However, pharmaceutical aerosols often have the added complexities of spray momentum, turbulent inlet jets, and hygroscopic effects on droplet evaporation and condensational growth. As a result, the simulation of pharmaceutical aerosol delivery must often consider conditions from the site of aerosol formation in the inhaler to deposition within the respiratory airways. As reviewed, in silico models have developed to the point that they are now able to successfully predict transport and deposition of pharmaceutical aerosols in both the inhaler and respiratory airways providing good comparisons with in vitro and in vivo experimental data. Based on these successful validations, in silico models are now being used as a design tool to improve respiratory aerosol delivery and to potentially target the site of deposition. Specifically, models are currently being applied to (i) improve and optimize inhaler designs, (ii) specify design and usage parameters for improved delivery, (iii) propose new approaches for improved delivery to the lungs, and (iv) develop new methods to target the site of deposition within the respiratory airways. Applications reviewed in this study include the optimization of an existing spray inhaler design, development of charge-targeted delivery, the specification of conditions for optimal nasal delivery, advancement of the ECG concept for improved lung deposition, and an evaluation of targeted delivery using magnetic aerosols. It is expected that both 1-D whole-lung models and 3-D CFD simulations will play an increasing role in improving the delivery of aerosols to the respiratory tract using many of the approaches described in this review.
Targeting the site of aerosol delivery to the respiratory tract is critical in many applications. Examples where effective targeted deposition is needed include the delivery of central nervous system medicines to the olfactory region of the nose, the delivery of inhaled chemotherapy agents, and the delivery of inhaled antibiotics. Kleinstreuer et al. [191] recently reviewed targeted aerosol deposition in the respiratory tract. In general, targeted delivery may refer to deposition in the lungs instead of the extrathoracic airways, deposition within a general region of the respiratory tract, such as the tracheobronchial or alveolar airways, or deposition at specific local sites such as a lung tumor or the olfactory region. Applications discussed in detail in this review focused on targeted delivery to the alveolar airways, lungs, and nasal cavity. In addition to these studies, Kleinstreuer et al. [10] proposed a method of highly localized targeting in which a spray is delivered to a small area of the mouth inlet. Using CFD simulations, the site of deposition can be determined allowing for the targeted delivery of drugs to specific areas, such as lung tumors. Tian et al. [35] showed that modifying the inlet temperature and relative humidity during ECG delivery affected deposition in the TB airways. For example, increasing the inlet temperature of the humidity stream from 39 to 42°C doubled the drug mass deposited in the first 7 branches of the conducting airways and maintained near zero MT deposition. While these results are promising, advancement of these methods as well as the development of new approaches are needed to better target the deposition of aerosols in the respiratory tract. This developmental process will clearly benefit from the application of advanced and validated CFD models.
Due to the complexity of both pharmaceutical delivery systems and deposition in the respiratory airways, validation of model results with experiments will remain a critical component of performing a thorough and reliable analysis. At a minimum, validations should compare with relevant existing in vitro and in vivo data sets. As described, improved experimental data sets are needed to better validate CFD predictions in local regions of the respiratory tract.
Comparison of 3-D images of in vivo deposition with CFD simulations is a promising approach that should be pursued. However, in contrast with comparisons to preexisting studies, Longest and Hindle [42] describe the use of concurrent CFD modeling and in vitro experiments for the developed of delivery systems. In this approach, the in vitro experiments are used to determine initial aerosol conditions and benchmark the aerosol drug deposition performance of initial delivery systems. A validated CFD analysis of the system is then employed to describe the transport characteristics that are critical in the design of the system. The CFD results are used to quantify transport phenomena, like turbulence intensity, which influence inhaler mouthpiece drug deposition and the delivered dose to the patient. Quantitative correlations are then developed between inhaler design variables, the resulting transport characteristics, and performance endpoints. These correlations are used in a design optimization process to quantitatively predict how changes in design will affect specific performance variables. Such an approach is consistent with the recent FDA quality by design (QbD) initiative in which a predictive understanding between cause and effect within an operating design space is highly desirable.
As described, a limitation of CFD models remains the computational cost such that only limited regions of the airway can be considered. To improve the simulation of transport dynamics throughout the airway, some studies have suggested combining CFD models of the upper airways with 1-D models of the lower airways [37, 192] . Lin et al. [37] resolved patient-specific dimensions of the entire TB airways from CT scans and illustrated a coupled 3-D and 1-D model. As an alternative approach, the use of individual paths as implemented by Tian et al. [35] may give a 3-D representation of transport from the mouth through the alveolar region. Tian et al. [35] described the use of individual paths to stochastically characterize transport and deposition within the bifurcations of each lung lobe. Randomly generated individual path models are simulated to create an ensemble of deposition efficiencies. Averages of these ensemble results are then used to quantify transport conditions and deposition fractions (branchaveraged and highly localized) on a stochastic basis. This stochastic individual path (SIP) approach is essentially a 3-D application of the 1-D Monte Carlo method developed by Koblinger and Hofmann [95] . In addition to the deposition study of Tian et al. [35] , Walters and Luke [193] recently showed that reduced path models of the TB airways had deposition characteristics similar to full models.
In summary, in silico models of aerosol transport are currently being applied to effectively improve the delivery of pharmaceutical aerosols and to target the site of aerosol deposition. Both 1-D and 3-D CFD models have been implemented to develop new drug delivery approaches, such as charge-targeted delivery and ECG. In general, model predictions are in agreement with available in vitro and in vivo data. However, more refined experimental data sets are needed to conduct more thorough validations of model performance, especially for highly localized deposition predictions. In terms of model development, future work remains in the areas of better validating localized predictions, developing more effective turbulence models, improving particle modeling efficiency, developing characteristic geometries of the airways, and developing stochastic 3-D representations of the airways like the proposed SIP model.
